We used 600-femtosecond electron pulses to study the structural evolution of aluminum as it underwent an ultrafast laser-induced solid-liquid phase transition. Real-time observations showed the loss of long-range order that was present in the crystalline phase and the emergence of the liquid structure where only short-range atomic correlations were present; this transition occurred in 3.5 picoseconds for thin-film aluminum with an excitation fluence of 70 millijoules per square centimeter. The sensitivity and time resolution were sufficient to capture the time-dependent pair correlation function as the system evolved from the solid to the liquid state. These observations provide an atomic-level description of the melting process, in which the dynamics are best understood as a thermal phase transition under strongly driven conditions.
Solid-liquid phase transitions are an everyday occurrence. As one of the state variables (such as temperature or pressure) approaches a phase transition point for the melting of a solid, there are equilibrium fluctuations that lead to density changes commensurate with the new phase. Fluctuations important to a collective phase transition under these conditions occur over distributed time and length scales in which the atomic details are washed out. By using short-pulsed lasers to deposit heat at a rate faster than the thermal expansion rate, it is possible to prepare extreme states of solid matter at temperatures well above the normal melting point (this will be referred to as the strongly driven limit). Under such conditions, the atomic configuration of the entire excited material volume can be modified on the ultrafast time scale, and the melting transition of the prepared state can be seen as a simple model for transition state processes in general.
An atomistic view of such a process requires that the atomic configuration of the material be observed as it passes from the solid to the liquid state. Ideally, one would like to be able to fully resolve the relative atomic motions during the melting process. The information accessible through timeresolved diffraction experiments, where the observable is intimately connected with the atomic structure of the material (1), can approach such a description. The first experiment along these lines used electron diffraction combined with rapid laser heating, but lacked sufficient temporal resolution (20 to 100 ps) and structural sensitivity for an atomiclevel perspective on the process (2) . Important applications of time-resolved electron diffraction have recently provided atomic-level structural details of reactive intermediates in the gas phase occurring on a similar time scale (3) (4) (5) . Approaches based on laser-driven x-ray plasma sources have provided improved temporal resolution (200 to 500 fs) but to date have an insufficient signal-to-noise ratio (structural sensitivity) to adequately resolve the atomic details (6-8). Here we describe an important advance in short-pulsed electron sources that has made it possible to attain femtosecond electron pulses with sufficient electron number density to study the structural evolution of aluminum (Al) as it undergoes an ultrafast laser-induced solidliquid phase transition. This work gives an atomic-level perspective on one of the simplest transition state processes: the order-to-disorder phase transition involved in melting.
Previous studies of femtosecond laser irradiation of polycrystalline Al at high fluence have observed the onset of liquid-like dielectric properties within 500 fs after laser excitation (9) . It was inferred that lattice melting had occurred on this time scale, which is shorter than the time required for the optically excited electrons in the solid to relax via lattice phonon scattering. A nonthermal mechanism for melting was thus proposed, wherein the lattice bonding softens because of the photoinduced changes in electron distribution. Similar observations have been made in other materials (10, 11) ; however, it is not possible to determine detailed quantitative information about the nuclear coordinates from the electronic response ( probed in optical measurements), especially for these far-from-equilibrium conditions. Timeresolved diffraction offers a direct probe of the atomic structure of polycrystalline and amorphous samples by providing, through a simple transformation, the time-dependent (atomic) pair correlation function. Such a measurement is able to determine how the lattice structure maps onto the disordered state defining a liquid. In the case of Al, we were able to follow the loss of the long-range order that was present in the crystalline phase and the emergence of the liquid structure where only short-range atomic correlations were present; the transition was complete within 3.5 ps for 20-nm-thick samples at an excitation fluence of 70 mJ/cm 2 . As opposed to previous studies of strongly driven phase transitions, we were able to define the onset of the liquid state and found that even in the strong perturbation limit, the phase transition in Al is propagated by thermally sampled configurations, albeit in a superheated metastable state: The solid shakes itself apart.
To study the changes in atomic configuration accompanying the transition, we performed pump-probe transmission electron diffraction measurements on polycrystalline Al films that were 20 Ϯ 2 nm thick (12) . Previous efforts to achieve subpicosecond temporal resolution with electron pulses containing the number density required in these studies have experienced degradation to the picosecond domain by space-charge (Coulomb repulsion) broadening effects during pulse propagation (13) and/or geometric broadening of the time resolution by velocity mismatch between optical and electron pulses over sample volumes (14, 15) . The latter is not an issue for 20-nm-thick solid-state samples. Detailed simulation of space-chargeinduced pulse broadening, the results of which are presented elsewhere (16) , was used to design a photoactivated electron gun capable of delivering sub-500-fs electron pulses ( fig. S2B ) containing number densities sufficient for structure determinations with fewer than 100 shots (17) . The femtosecond electron diffractometer consists primarily of the femtosecond laser-driven 30-keV electron source, a sample positioning system and microchannel plate-phosphor screen detector contained in a high-vacuum chamber, and an external, lens-coupled, charge-coupled device camera to image the diffraction patterns. As configured for these experiments, the detector collected scattering vectors (s) up to a magnitude of s ϭ 2sin()/ ϭ 1.35 Å Ϫ1 . This range of diffraction angles encompasses the first 10 rings of the powder diffraction pattern of Al (18) . Excellent signal-to-noise diffraction patterns were obtained with 150 shots, using electron pulses of 600 Ϯ 100 fs (6000 Ϯ 500 electrons per pulse). The high quality of the data demonstrates the benefit of both the large elastic scattering cross-section of electrons (8) and their relatively high efficiency of detection.
The phase transition was driven with 120-fs near-infrared (775 nm) laser pulses, 70 mJ/cm 2 fluence, which is well above the reported threshold for nonthermal melting in Al (9) . Diffraction patterns were recorded at pump-probe delay intervals of 500 fs near the time origin until the onset of the solid-liquid phase transition, and at coarser time steps thereafter. The results of this experiment are shown in Fig. 1 . By 3.5 ps, the structure of the diffraction pattern has changed completely from the sequence of rings that is characteristic of the face-centered cubic (fcc) structure of polycrystalline Al, to a liquid-like pattern with only a single broad ring visible (Fig. 1A) . The dynamics of the phase transition are further highlighted by taking the radial average of the difference in diffracted intensity, with respect to that of the unperturbed structure, at each time delay (Fig. 1B) . In less than 1.5 ps, the diffraction rings indexed to the (331) and (420) lattice planes are no longer observable, whereas the (220) and (311) rings have been reduced in intensity by 45 and 60%, respectively. The decay time of the diffraction features has a strong s dependence-a signature of thermal excitation. Displacements of Al atoms from their equilibrium positions due to thermal motion diminish the ring intensities by the DebyeWaller factor e Ϫ2M , where M depends on the mean square atomic displacements (a function of temperature) and s 2 (19) . The observed melting dynamics are significantly slower than that inferred from dielectric function measurements (9) and can be understood within the confines of a thermal disordering process.
The 3.5-ps time scale is effectively set by the magnitude of the electron-phonon coupling constant in Al and makes electronically driven disordering unlikely. Based on the fast electron redistribution times in metals (20) and the thermalization rate of the hot electron energy redistribution into lattice phonons (21) , the Al lattice is expected to achieve the melting point temperature (T M ϭ 933 K) within 750 fs after excitation under the strongly driven condition of this experiment (22) . This corresponds to a heating rate of more than 800 K/ps. By 1.5 ps, the projected lattice temperature T 1 is 1400 K (T l /T M ϳ 1.5), which suggests significant superheating during the phase transition. This superheated phase of Al is highly unstable (23) (24) (25) and exists only transiently. Within 3.5 ps, the lattice has disordered to such a degree that the diffraction peaks associated with all lattice planes have been reduced to below the noise A recent model of laser-driven solidliquid phase transitions based on the propagation of solid-liquid melt zones predicts faster dynamics than those observed for Al without invoking nonthermal mechanisms under these conditions (24) . The calculated response depends on material parameters, such as terfacial surface tension, that are not well defined at these elevated conditions. It will be informative to test the general validity of this homogeneous nucleation model by comparing different solids.
To gain an atomic perspective on the melting process and better quantify the material response, the information contained in the diffraction patterns of polycrystalline and amorphous samples can be reexpressed in terms of an average pair correlation function, H(r), by a sine transform of the reduced diffracted intensity (18, 26) H͑r͒ ϭ 4r
where the structure factor K(s) ϭ I(s)/f
(s). I(s)
is the coherently diffracted intensity in electron units (27) , f (s) is the atomic scattering factor (28), (r) is the atomic density, and 0 is the average atomic density. H(r), often called the reduced radial density function, describes the deviation in atomic density from the average value as a function of the radial distance r from an atomic origin. This analysis was performed on high-quality diffracted intensity curves (accumulated from 1200 electron pulses) at time delays (T) of -1, ϩ6, and ϩ50 ps. The results are presented in Fig. 2 , from which the nature of the structural transformation in terms of pair correlations becomes clear. Before the phase transition (-1 ps), the diffraction spectrum consists of a set of discrete lines ( Fig. 2A) , each of which can be referred to by the Miller index of the particular set of lattice planes that give rise to that reflection. H(r) shows significant structure, and the long-range correlations in atomic position that exist before the phase transition are evident (Fig. 2B) . The peaks in H(r) correspond to distances between pairs of atoms in the fcc structure of Al [except the first peak, which is spurious and due to the effects of terminating the measured data at s ϭ 1.35 Å Ϫ1 (18)] and have positions accurate to within Ϯ 0.05 Å. The ultrafast transition from the solid to the liquid state is clear from H(r) obtained at 6 ps after the laser excitation. Long-range order has been completely lost, and only short-range correlations in atomic position survive. The simple shell structure of liquids is apparent in H(r), which has lost the higher frequency oscillations associated with the fcc structure of the crystalline state. We were able to determine the positions of the first three coordination shells [r 1 (ϩ6 ps) ϭ 2.85 Ϯ 0.05 Å, r 2 (ϩ6 ps) ϭ 4.9 Ϯ 0.1 Å, and r 3 (ϩ6 ps) ϭ 7.6 Ϯ 0.1 Å], and they are in approximate agreement with values obtained from x-ray diffraction studies of liquid Al (r 1 ϭ 2.9 Ϯ 0.1 Å, r 2 ϭ 5.2 Ϯ 0.1 Å, and r 3 ϭ 7.6 Ϯ 0.1 Å) (18) . There are subtle changes on longer time scales as well, as the width of the main peak in the structure factor broadens toward lower scattering vectors from 6 to 50 ps. This width is inversely related to the length scale over which atomic positions are correlated and has a clear impact on H(r). There is a significant reduction in the height of the second peak at r ϳ 5 Å, which has shifted slightly to r 2 (ϩ50 ps) ϭ 5.1 Ϯ 0.1 Å to better match the position reported for liquid Al. In fact, all peaks in H(r) appear to shift slightly to larger distance between 6 and 50 ps. These observations suggest that the liquid structure has not fully equilibrated by 6 ps and that the disordered structure observed is influenced by correlations that exist in the crystalline state. Peak positions in H(r), unlike amplitudes, appear to be quite insensitive to temperature (18) ; however, we are not aware of a study on liquid Al at the expected final temperature of these studies (ϳ1200 K according to a thermodynamic calculation). It is difficult, therefore, to say whether the structure at 50 ps has reached the equilibrium atomic configuration.
From H(r) and the average density of the material (29), we were able to determine the changes in the first coordination number (N 1 ) Fig. 2 . Snapshots of the time-dependent pair correlation function. (A) Comparison of the structure factor K(s) at pump-probe delays before and after the phase transition. These curves were obtained from diffraction patterns containing the cumulative diffracted intensity of 1200 electron pulses. (B) Radial density functions, H(r), computed from the measured structure factors shown. The T ϭ ϩ6 and ϩ50 ps curves have been scaled by a factor of 4 to better show the structure. The correspondence between the peaks in H(r) at T ϭ -1 ps and the interatomic spacings present in the fcc Al lattice (inset) are shown for the first four peaks. Atoms of a given color are the same distance from the central black atom. The peak in H(r) that each interatomic separation produces is labeled with a circle of the same color. Only short-range correlations in atomic position are present at T ϭ ϩ6 ps, and the highly modulated structure of H(r) that is due to the fcc lattice is replaced by the simple coordination shell structure of liquids. Subtle changes occur between 6 and 50 ps; namely, a shift in the correlation peaks to larger distance and a significant reduction in the magnitude of the second peak at r ϳ 5 Å.
that accompany the phase transition. Before the phase transition (-1 ps), we calculated N 1 to be 12.2 Ϯ 0.3, which, within error, is the expected number for an fcc lattice (12) . The loss of lattice structure and the subsequent atomic rearrangements reduce N 1 to 10.0 Ϯ 0.3 at 6 ps. There is no observable change on longer time scales, as N 1 ϭ 10.0 Ϯ 0.3 at 50 ps as well.
The new technique of femtosecond electron diffraction has provided an unprecedented atomic-level view of ultrafast solid-liquid phase transition dynamics. In this instance, the picture it provides can be expressed in terms of an average pair correlation function, H(r), which contains detailed information on nearestneighbor distances, coordination numbers, and mean square vibrational amplitudes of the nonequilibrium state at each instant during the transition. This is a general technique, however, and can be applied to myriad systems in which photoinduced structural dynamics occur on the femtosecond time scale. Excellent candidates for investigation include condensed-phase processes, surface chemistry, and even time-resolved protein crystallography in cases where electron diffraction is viable. The single most important achievement is that of subpicosecond time resolution with sufficient structural sensitivity to reveal the atomic details of even nonreversible transition state processes that are central to concepts in chemistry and biology.
